Surgery for-and endovascular treatment of vertebral artery (VA) dissecting aneurysms involving the origin of the posterior inferior cerebellar artery (PICA) remain challenging. Their ideal treatment is complete isolation of the aneurysm by surgical or endovascular trapping plus PICA reconstruction. However, postoperative lower cranial nerve palsy and medullary infarction are potential complications. We report four patients with VA dissecting aneurysms involving the PICA origin who were treated by occipital artery (OA)-PICA bypass followed by proximal occlusion of the VA and clip ligation of the PICA origin instead of trapping. There were no procedural or ischemic complications. In all patients, angiography performed 2-3 weeks later showed good patency of the bypass graft and complete obliteration of the aneurysm. During the follow-up period ranging from 1 to 14 years, none experienced bleeding. Although retrograde blood flow to the dissecting aneurysm persisted in the absence of trapping, iatrogenic lower cranial nerve injury could be avoided. The decrease in aneurysmal flow might elicit spontaneous thrombosis and prevent aneurysmal rerupture. Our technique might be less invasive than aneurysmal trapping and help to prevent rebleeding.
Introduction
The bleeding-and mortality rates are high in patients with ruptured vertebral artery (VA) dissecting aneurysms; 1, 2) their surgical or endovascular treatment has been reported. 3, 4) Obliteration of the whole dissecting segment by surgical trapping or internal endovascular trapping prevents rebleeding. As it is minimally invasive and can be performed promptly, in patients with angiographically confirmed VA dissecting aneurysms, internal endovascular trapping is the first-line treatment. [5] [6] [7] [8] However, because surgical-and internal endovascular trapping obstruct the blood flow to the posterior inferior cerebellar artery (PICA), these procedures are not appropriate in patients with dissecting VA aneurysms involving the origin of the PICA. Rather, trapping of the dissecting segment and revascularization of the PICA have been suggested to address such aneurysms 9, 10) although some patients developed lower cranial nerve palsy and medullary or cerebellar infarction postoperatively. 3, [10] [11] [12] Stenting or stent-assisted coiling has been reported, 5, 6, [13] [14] [15] [16] [17] [18] [19] [20] and although these procedures preserve the blood flow in the VA or PICA, they raise the risk for hemorrhagic complications due to incomplete obliteration and the need for antiplatelet therapy. Consequently, obliteration of the dissecting segment combined with reconstructive procedures such as trapping of the dissecting aneurysm with the PICA revascularization has remained the treatment of choice.
We report our experience with four patients harboring VA dissecting aneurysms involving the PICA origin. They were treated with an occipital artery (OA)-PICA bypass followed by proximal occlusion of the VA and clip ligation of the PICA origin instead of trapping. We encountered neither surgical complications or rebleeding, suggesting that our treatment is safe and effective for the prevention of rebleeding because it involves less surgical manipulation of the lower cranial nerves than trapping and avoids obstruction of the perforating artery to the brainstem.
Materials and Methods
This study was approved by the Ethics Committee of our institution. Prior patient or proxy informed consent for treatment was obtained.
Patients. This is a retrospective study of four patients with ruptured VA dissecting aneurysms involving the PICA origin who were treated in our institute between 2003 and 2015. All were males ranging in age from 43 to 60 years (mean 52 years) and all underwent proximal occlusion of the VA and clip ligation of the origin of the PICA combined with OA-PICA bypass. Their Hunt and Hess (H&H) grade at the time of admission, and the follow-up period are shown in Table 1 . The aneurysmal morphology was assessed preoperatively on conventional angiography images and the surgical outcomes were recorded. The outcome was evaluated on conventional angiographs obtained 2-3 weeks after treatment. The appearance of new ischemic lesions, the patency of the bypass grafts, and aneurysmal obliteration were assessed on magnetic resonance images (MRI) acquired within 7 days after treatment. The clinical outcome was determined based on the patients' modified Rankin Scale (mRS) 3 months after treatment. All patients underwent outpatient monitoring using magnetic resonance angiography (MRA).
Treatment. Inclusion criteria for our treatment was: (1) Preoperative MRA and conventional angiography revealed the pearl-and-string sign or aneurysmal dilation on the VA involving the PICA origin. (2) Intraoperative findings of the VA involving the PICA origin showed a dissecting aneurysmal change such as dark purplish or sausage-like swelling. (3) Intraoperative findings of the distal site of the dissected VA segment were large or extended to the contralateral side, it is considered hard to observe the distal terminus of the dissecting aneurysm. One patient (case 1) underwent preoperative proximal occlusion of the VA by endovascular coiling. With the patients in the park bench position, a hockey stick-shaped skin incision was made. The OA was separated from the subcutaneous layer to obtain the OA graft. After subperiosteal muscle dissection, suboccipital craniectomy, and C1 laminectomy were performed. After incision of the dura, the arachnoid membrane was opened and the cerebellum was retracted to expose the PICA. The caudal PICA loop was the anastomosis site. OA-PICA anastomosis was performed using 10-0 nylon stitches. The patency of the bypass graft was confirmed by intraoperative micro-Doppler ultrasound or indocyanine green (ICG) video angiography. Then the proximal terminus of the aneurysmal dilation and the origin of the PICA were clipped. Electrophysiologic monitoring included the interoperative recording of somatosensory evoked potentials. In case of rebleeding occurred, any perioperative antithrombotic treatment was not performed in the perioperative period.
Results
The H&H grade was I in one patient, III in one patient, and IV in two patients. MRI performed within 7 days after treatment did not detect new ischemic lesions and angiographs obtained 2-3 weeks after the operation revealed good patency of the bypass grafts and complete aneurysmal obliteration in all patients; none manifested postoperative neurological degradation. The mRS 3 months after treatment was 0, 1, 3, and 4 in one patient each. Despite their good surgical outcomes, two patients were disabled due to damage present upon their admission (H&H grade IV). During the follow-up period ranging from 1 to 14 years, no patient experienced rebleeding (Table 1) .
Case 1. This 43-year-old male presented with subarachnoid hemorrhage (SAH, H&H grade III) in the pontine and medullary cistern, confirmed on the admission brain CT scan. Angiography revealed a PICA dissecting aneurysm in the left VA (Figs. 1a and 1b). On the day after the insult, he underwent proximal occlusion of the left VA with endovascular coiling. Contralateral VA angiography showed good supply to the PICA and slight filling of the residual dissecting aneurysm (Figs. 1c and 1d ). Follow-up angiography performed 6 months later revealed enlargement of the residual dissecting aneurysm due to filling from the contralateral VA (Figs. 1e and 1f) and he underwent direct surgery via the left lateral suboccipital approach and C1 laminectomy. The tonsillomedullary segment of the left PICA was the anastomosis site. OA-PICA anastomosis was performed using 10-0 nylon stitches (Fig. 2a) followed by clipping of the origin of the PICA (Fig. 2b) . The VA distal to the aneurysms could not be observed. No perforator was found within sight of the VA. As the cessation of flow to the aneurysm was confirmed by micro-Doppler ultrasound, the aneurysm was not trapped. Follow-up angiography performed 14 days later revealed complete thrombosis of the residual dissecting aneurysm and good patency of the bypass graft (Figs. 2c and 2d).
Case 2. A 52-year-old man reported sudden occipital headache. A brain CT scan acquired at the time of admission revealed SAH in the pontine cistern. The H&H grade was I. MRA and conventional angiography revealed the pearl-and-string sign in the right VA and at the origin of the right PICA (Figs. 3a and 3b). He underwent direct surgery 14 days after the insult via the right lateral suboccipital approach (Fig. 3c ). An OA-PICA bypass was placed (Fig. 3d) followed by surgical clipping of the PICA at a site distal to the aneurysmal dilation. Because the distal site of the dissected VA segment extended to the contralateral side, it was difficult to observe the distal terminus of the dissecting aneurysm. No perforator was found within sight of the VA. Therefore, we clipped the right VA at the site proximal to the aneurysm instead of trapping the aneurysm (Fig. 3e) . Micro-Doppler ultrasound confirmed the cessation of intra-aneurysmal blood flow from the contralateral VA. MRI and angiography performed on the 7th postoperative day showed complete aneurysmal obliteration without brainstem or cerebellar infarction (Figs. 3f and 3g) . Angiographs acquired on the 14th postoperative day confirmed good patency of the bypass graft, and complete aneurysmal obliteration. His neurological condition was normal and the patient was discharged on the 21st postoperative day. CTA performed 6 months after surgery showed good patency of the bypass graft and no evidence of recurrence. His neurologic 
Discussion
Despite surgical and endovascular advances, the treatment of VA dissecting aneurysms involving the PICA origin remains challenging. Obliteration of the whole dissecting segment by surgical-or internal endovascular trapping is thought to effectively prevent rebleeding. However, these methods result in the obliteration of branches from the VA or the proximal segment of PICA that perforate the brainstem. 5, 13, 18, 20) Consequently, complete isolation of the VA dissecting aneurysm by trapping, and reconstruction of the PICA are thought to be preferable. Although this technique can prevent both recurrent hemorrhage and cerebellar infarction, procedural complications have been reported. 3, [10] [11] [12] Because the dissected artery is close to the lower brainstem and lower cranial nerves, its surgical manipulation may result in their iatrogenic injury. 21) Also, when the dissection extends close to the vertebrobasilar junction, clipping of the distal site of the dissection is anatomically difficult and may obliterate the artery perforating the brainstem.
Postoperative medullary infarction is a complication of internal endovascular trapping after PICA revascularization. Procedural complications of endovascular treatment occurred in 14-57% of patients with ruptured VA dissecting aneurysms involving the PICA origin. 5, 13, 18, 20) According to Endo et al., 12) when the perforators arose from the PICA, some patients suffered medullary infarcts after internal coil trapping and OA-PICA anastomosis.
Reconstructive endovascular treatment using a stent to address VA dissecting aneurysm has been reported. 5, 13, 14, [16] [17] [18] [19] To preserve PICA patency, stenting with or without coil embolization has been considered one of the best management strategies for VA dissecting aneurysms involving the PICA origin. However, complete obliteration can be achieved in only a small number of patients and many suffer recurrence. 13, 16) Ahn et al. 13) reported that the incomplete obliteration rate was 60% and Although retrograde blood flow persisted in the absence of trapping, the reduction in outflow through the remnant dissecting aneurysm may decrease the intraluminal pressure and prevent aneurysm rupture. This outflow reduction concept has been applied in the treatment of unclippable giant fusiform middle cerebral artery (MCA) aneurysms [25] [26] [27] [28] [29] because the strategy of combining extracranial-intracranial bypass with distal parent vessel occlusion encouraged spontaneous aneurysm thrombosis. Horowitz et al. 25) suggested that, based on the Bernoulli equation, the magnitude of intraluminal pressure after the distal outflow occlusion of aneurysms was less than the normal variation. They concluded that the pursuance of daily activities did not significantly raise the risk for aneurysm rupture due to flow stagnation and consequent clot formation within the aneurysm.
In review of the literature, 20 ruptured VA dissecting aneurysms involving the PICA were treated by trapping plus PICA reconstruction ( Table 2 ). The six out of the 20 previously reported patients were treated by internal coil trapping, 9, 12) 14 were treated by trapping with surgical clip. 4, 10, [30] [31] [32] [33] In 16 out of the 21 patients, OA-PICA anastomosis was performed for PICA reconstruction. 4, 9, 10, 12, 30) Kim et al. 16) documented that involvement of the PICA origin was the only independent risk factor for recurrence after the endovascular treatment of VA dissecting aneurysms because the blood flow to the PICA was preserved. They suggested that persistent flow through the unprotected remnant of the dissecting aneurysm toward the PICA may be responsible.
Proximal occlusion of the VA risks rebleeding due to retrograde blood flow from the contralateral VA to the PICA. 2, [22] [23] [24] If persistent retrograde flow to the PICA is one of the main reasons for rebleeding or recurrence in patients treated with proximal occlusion of the ipsilateral VA, then clip ligation of the PICA origin after revascularization may reduce these risks. Rebleeding after the proximal occlusion of VA dissecting aneurysms involving the PICA origin occurred 18 and 23 days post-treatment, 22, 23) indicating that it is an option for preventing rebleeding in patients with acute SAH. However, to prevent recurrence in the chronic phase of SAH, additional procedures such as trapping of the aneurysm or clipping of the PICA origin must be performed to reduce the retrograde blood flow to the PICA. 3) We hypothesized that as antegrade flow to the aneurysm was stopped by proximal occlusion of the VA and retrograde flow by clip ligation of the PICA 
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Transposition of PICA to VA was performed in three patients, 32, 33) and VA-PICA anastomosis with radial artery graft in one patient. 31) Although complete aneurysm obliteration was achieved by trapping in all patients, nine (45%) of the 20 patients had treatment-related complications. Lower cranial nerve palsy and medullary infarction were treatment-related complications. These findings suggest that surgical or internal trapping of the dissecting segment are optimal for the complete obliteration of the dissecting aneurysms, but not always safe treatment option for ruptured VA dissecting aneurysms involving the PICA. As a practical matter, it can be difficult to achieve complete trapping because some dissecting aneurysms in this region are large and extend to the midline. Surgical manipulations in the insufficient working space may result in iatrogenic damage of lower cranial nerves, while blind clipping at a site distal to the dissecting aneurysm may obliterate the perforating artery.
We considered our treatment strategy could reduce surgical manipulation by not conducting complete trapping of dissecting aneurysms. None of our four patients suffered rebleeding and we encountered no surgical complications. On follow-up angiograms performed 2-3 weeks after treatment, all dissecting aneurysms were thrombosed and despite thrombosis in the dissecting segment, no ischemic complications involving the perforating artery were observed. We attribute their absence to the persistence of blood flow to the perforating artery although the dissecting aneurysm had disappeared on postoperative angiographs, or there was originally no perforator in the lesion site of VA. An alternative explanation may be the formation of collateral circulation associated with gradual clot formation in the dissecting aneurysm. Such events were observed in patients with unclippable giant MCA aneurysms when lenticulostriate perforators were involved. 25, 28, 29) Their treatment by EC-IC bypass and distal parent vessel occlusion did not elicit ischemic complications.
Flow-diverter stenting has been used for the successful treatment of VA dissecting aneurysms. [34] [35] [36] [37] As the pipeline stent is far less porous than conventional stents, its use may help to reduce the rate of rebleeding and of ischemic complications.
Our study has some limitations. The study population was small and originated from a single institution. This limits the evaluation of the surgical outcomes, complications, and the long-term prevention of recurrence. Also, our strategy is applicable only in patients able to tolerate VA occlusion. In patients with a single vertebral artery and insufficient posterior communicating arteries, stent-assisted coiling remains indicated.
6)

Conclusion
We report four patients with dissecting VA aneurysms involving the PICA origin who were treated by proximal occlusion of the VA and clip-ligation of the origin of the PICA combined with PICA revascularization. This treatment was successful in all patients and none experienced neurological deterioration or recurrence. We suggest this technique as an alternative strategy to address VA dissecting aneurysms involving the PICA origin because it may reduce the complication rate associated with aneurysmal trapping.
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